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Slat noise is well known as one of the dominant noise components of airframe noise. The slat cove has been demonstrated to be one of the primary sound source responsible for narrowband and broadband noise from high-lift devices. In order to reduce slat noise, several studies on slat cove fillers have been carried out in the past. In the present study Large Eddy Simulation with Dynamic Smagorinsky model has been used to assess the aerodynamic and aeroacoustic performance of a 30P30N high-lift airfoil with and without slat cove filler. The tests were carried out at an angle of attack of α = 5.5
• at an inlet velocity of U ∞ = 58 m/s, corresponding to a chord-based Reynolds number of Re c = 1.71 × 10 6 . The steady and unsteady pressure measurements validate well with the experimental data available in the literature. Contours of detailed flow field components such as mean velocity, turbulent kinetic energy and spanwise vorticity for both the baseline and slat cove filler configuration has been presented in a systematic manner. Contours of spanwise vorticity validate well with previous particle image velocimetry experimental measurements. Unsteady surface pressure spectra at various locations on the slat and main-element show that the application of slat cove filler eliminates the narrowband noise source and reduces the broadband noise for the tested cases. The pressure-velocity correlation results show us that the shear layer impingement on the slat lower surface contributes to the increase in low-mid frequency energy spectra. The use of slat cove filler eliminates the shear layer thus reducing the spectral levels at low-mid frequencies. = coherence function Φ pp = wall-pressure power spectral density, Pa 2 /Hz Φ uu = streamwise velocity power spectral density, dB/Hz Φ vv = crosswise velocity power spectral density, dB/Hz ω z = spanwise vorticity vector I. Introduction T HE introduction of high bypass-ratio turbofans engines into civil aircraft have drastically reduced engine noise over the last several decades, making the airframe noise the same magnitude as that of the engine noise, especially during the landing phase. In order to reduce these prominent airframe noise sources several fundamental passive and active flow control methods have been investigated over the recent years, such as, morphing structures [1] [2] [3] [4] [5] [6] [7] , porous materials [8] [9] [10] [11] , surface treatments [12] , serrations [13] [14] [15] and transverse jets [16] . One of the prominent sources of airframe noises are the high-lift devices namely the slats and flaps. Studies on conventional slat and wing configurations have shown that it mainly comprises of broadband and tonal noise components. Several studies on slat noise have shown several discrete tones at mid-frequency range [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . However, their aeroacoustic mechanism is yet to be fully understood. These tonal peaks decrease with angle of attack but their amplitude decreases with increasing slat gap and overlap [24] .
Several experimental and computational studies [30-33, 35, 39-47] were made over the past decade to asses and investigate the generation of the narrowband and broadband noise from the slat cove region. Some studies reduced the noise levels by filling the recirculation area within the slat cove filler. Even though a reduction in broadband noise was observed at all the instances it has been a challenge to maintain the aerodynamic performance of the high-lift device for the cove filled configurations. The slat cove filler profiles were derived from CFD analysis in order to maintain attached flow on the slat lower surface. From the experiments it was shown that slat cove filler was effective in reducing broadband slat noise up to 4-5 dB [30] that was measured using a microphone phased array. However, no aerodynamic measurements were presented in this study. Streett et al. further investigated the preliminary aerodynamic and acoustic performance of the SCF setup using trapezoidal wing swept model [31] . The study showed noise reduction to be sensitive to the angle of attack and SCF modification. The SCF modification showed a reduction of 3-5 dB over a wide spectrum. The aerodynamic performance appeared slightly better than the baseline at angles of attack below α = 20
• and stall occurred 2 degrees earlier compared to baseline. The specific reason for the aerodynamic performance loss was not pointed out due to the lack of aerodynamic data such as detailed surface pressure and wake shear layer measurements.
Imamura et al. and Ura et al. from JAXA showed experimentally and computationally [41, 43] that even though noise reduction can be achieved by the use of SCF, its profile significantly affects the aerodynamic lift characteristics of the three-element airfoil. They tested two SCF profiles that were designed based on the flow field streamlines of angles of attack α = 0
• and α = 8
• on an MDA 30P30N airfoil. Even though the results showed a reduction of 5 dB for both the cases they found that the aerodynamic lift characteristics performance were same as that of the baseline for only the SCF profile made from flow field streamlines of angle of attack 8
• whereas the SCF profile made from angle of attack α = 0
• stalls prematurely. Tao and Sun [47] in a very recent optimization study performed several DES simulations using 44 configurations of SCF profile designs aimed to produce maximum lift coefficient for fixed design point with angle of attack of α = 22
• and Re c = 9 × 10 6 . The final optimized SCF profile showed a reduction in noise while maintaining aerodynamic performance.
Kamliya Jawahar et al. [1] [2] [3] successfully carried out a comprehensive aerodynamic and aeroacoustic study using 30P30N airfoil fitted with two different types of slat cove fillers. The slat cove filler configuration showed similar overall aerodynamics performance as that of the baseline case and a slightly better aerodynamic performance at certain angles of attack. The study also showed that the characteristic narrowband peaks that arise from slat noise were eliminated by the application of the slat cove fillers for all the tested angle of attack. Moreover, the slat cove filler also showed a reduction in the broadband noise component at low-mid frequencies.
Several studies [1-3, 30-33, 41, 43-47] have shown the noise reduction capabilities of the slat cove filler. Even though the aerodynamic and aeroacoustic performance of slat cove fillers are well documented, the noise reduction mechanism of the slat cove fillers is yet to be identified. The current numerical study shows the aerodynamic performance characteristics such as surface pressure measurements, shear layer measurements, pressure-velocity coherence and the confluent boundary layers of all the three-element of the high-lift airfoil. Detailed mean and unsteady surface pressure results, velocity contours and turbulent kinetic energy around the slat cove region for the 30P30N airfoil with and without slat cove fillers are presented in a systematic manner. This will aid us to isolate and identify the noise reduction mechanism of the slat cove filler.
II. Computational Setup
Large Eddy Simulation (LES) to investigate the unsteady flow characteristics of 30P-30N airfoil were carried out. The airfoil had a retracted chord length of c = 0.457 m. The simulations were carried out at an angle of attack 5.5
• for an inlet velocity of U = 58 m/s corresponding to a chord based Reynolds number of Re c = 1.71×10 6 . Preliminary steadystate CFD RANS simulations were carried out with k-ω S S T turbulence model and the validated results were used to initialize the LES simulation. Dynamic Smagorinsky subgrid-scale model [48] were used for all the presented LES simulations. A multi-block structured 3D gird for the MDA 30P-30N airfoil was created using ICEM CFD software. The computational setup was made with a domain size of 10c on the streamwise (x-axis) and crosswise (y-axis) direction (see Fig. 3 ) after a domain dependency study carried using domain sizes of 5c, 10c and 20c and as suggested by BANC-III workshop [49] . The grid over all three elements was intended to be orthogonal to the airfoil surface. The close up view of the grid is shown in Figs. 1 and 2 . The domain had a spanwise thickness (z-axis) of 0.025 m (c/18) which was deemed sufficient from the previous studies [35] [36] [37] [38] . Periodic boundary condition on the span and no-slip boundary condition were used on the walls. The high-lift airfoils had a cell distribution of L x × L y × L z = 740 × 60 × 64 in the near-field region. In the far-field region, the airfoil had a cell distribution of L x × L y × L z = 412 × 146 × 32, respectively. LES mesh resolution requirement in the near wall cells in inner law scaling in the range of ∆x + ≈ 100, ∆y + ≈ 1 and ∆z + ≈ 50 close to the values suggested by Ewert and Manoha [50] were maintained. Each element of the multi-element airfoil was treated as an individual airfoil since the flow around all the elements were of high interest thus such densely meshed. The 2D grid consisted of a total number of 265,000 elements where all the existing grid dependency study has grid independent results from approximately 500,000 elements [34] . The final 3D LES mesh consisting of ≈ 11 × 10 6 cells. Each of the simulations was run on a cluster with 128 CPU cores for a period of 960 hours. The temporal duration of both the simulations was 0.26 s and the unsteady data were collected for the last 0.13 s. 
III. Results and Discussions
The time-averaged pressure coefficient C p distribution results extracted along the mid-span of the computational domain for both the Baseline and SCF case are presented in The contours of the average spanwise vorticity (ω z c/U ∞ ) along the mid-span of the computational domain are presented in Fig. 5 and the spanwise vorticity from PIV experiments carried out by Pascioni et al. [40] are presented in Fig. 6 . The contour scales of the LES are set to have similar values as that of the PIV to have a better comparison. The average spanwise vorticity results of the LES are very similar to that of the PIV especially the reattachment location of the shear layer. This similarity enhances the reliability of the presented flow field contours within the slat cove region. The contours of normalized mean streamwise velocity (U/U ∞ ), crosswise velocity (V/U ∞ ) and turbulent kinetic energy (k/U 2 ∞ ) at the mid-span location for both the Baseline and SCF are presented in Fig. 8 . The flow features within the slat cove region are an important contributor to noise generation, especially the regions of the slat cusp shear layer and its impingement on the slat lower surface. The results of the streamwise velocity for the Baseline and the SCF configuration in Fig. 8a and b show negative velocity on the slat lower surface for the Baseline case, indicating the presence of recirculation within the slat cove region for the Baseline case. Moreover, the negative velocity in Fig. 8c and d are also seen in the crosswise velocity results within the slat cove region of the Baseline, which indicates the recirculation within the slat cove. The use of SCF clearly eliminates the recirculation region within the slat cove as the cove area is covered by the slat cove filler. The velocity contour plots also show that the SCF maintains the similar velocity magnitude relative to the Baseline at the slat gap region and over the main element. The contours of the turbulent kinetic energy in Fig. 8c and d show the elimination of the high turbulence kinetic energy within the slat cove region by the use of SCF and the results also show reduced turbulence kinetic energy magnitude at the slat wake region over the main element for the SCF compared to the Baseline. In order to have a detailed comparison between the Baseline and the SCF cases several line profile at various slat wake locations (see Table 1 ) and also at the various streamwise location on the suction side of the high lift airfoil (see Fig. 7 ) were extracted. The streamwise velocity profiles at the near wake location for both the Baseline and SCF showed insignificant differences for the wake deficit dip. The SCF showed reduced wake deficit at regions below the trailing edge for all the presented slat wake locations. The results show a significant reduction in turbulent kinetic energy for the SCF case relative to the Baseline case at all the presented slat wake location. The elimination of the unsteadiness within the slat cove region by the use of SCF has also reduced the unsteadiness at the slat wake region. The boundary layer profiles aft of the slat trailing edge just over the main-element and the flap are presented in Fig. 10 . The mean streamwise velocity results at the location x/c = 0.0575 and 0.1057 show that the SCF has a slightly reduced slat wake velocity deficit relative to the Baseline. The effect of the slat wake is absent for the SCF at downstream locations x/c = 0.2285 and 0.6. The elimination of the slat cove vortices and streamlined profile of the SCF has resulted in increased streamwise velocity over the main-element for the SCF. The boundary layer profiles over the flap at locations x/c = 0.8933 and 1.0160 remain unchanged between the two cases.
Unsteady surface pressure plays a crucial role in the noise generated by the airfoil. The unsteady pressure and velocity from the simulation were logged at several measurement probes at the various chordwise location as depicted in Figs. 11 and 12. A total of 64 probes were evenly spread along the airfoil span at every chordwise measurement location. The unsteady spectral plots are presented only at the mid-span location for both the airfoils. The unsteady surface pressure data presented in Fig. 13 shows the comparison of the pressure spectral density (PSD) of the LES with experimental results from Murayama et al. [39] . The PSD of the pressure coefficient are presented for the slat pressure side close to trailing edge at location S L25 for the Baseline and S L31 for the SCF compared with the experimental measurements [39] available closest to the slat trailing edge on the pressure side. The computational results compare very well with the experimental results. The results for the baseline overpredicts the C p spectra by ≈ 3 dB at low to mid-frequency range (200-1700 Hz). However, the simulations even predict the two narrowband peaks seen in the experiments at 1343 Hz and 1987 Hz. The results for the SCF show reduced broadband spectra up to ≈ 3 dB at low to mid-frequency range (100-1700 Hz) relative to the Baseline. The evolution of the surface pressure power spectral density (Φ pp ) normalized by the reference pressure (p re f = 2 × 10 −5 Pa) on the pressure side of the slat for both the SCF and Baseline cases are presented in Fig. 14 . The Welch power spectral density of the pressure fluctuations were performed based on the time-domain LES pressure signals using Hamming windowing for segments of equal length with 50% overlap. In Fig. 14 the x-axis shows the normalized airfoil chord and the z-axis shows the slat based Strouhal number (S t s = f c s /U ∞ ). The 25 points used to calculate the pressure spectra are indicated in Fig. 11 . The pressure spectra for the Baseline gradually increases closer to the trailing edge due to the impingement of the slat shear layer. For the SCF the pressure spectra on the slat pressure side show significant reduction compared to the Baseline case. The pressure spectra for the SCF increases after the flow separates on the lower surface at x/c = 0.03 yet still the spectral levels are much lower compared to the Baseline case. The tonal peak is seen at high frequencies S t s < 15 are associated with the vortex shedding from the blunt trailing edge and it has been observed in several other computational studies [36] [37] [38] .
A critical observation of the spanwise coherence is required to asses the adequacy of the spanwise grid resolution and to also look into the spanwise distribution of the acoustic sources associated with the unsteady flow separation. In the current study the spanwise coherence function γ 2 p i p j based on the fluctuating surface pressure are calculated using Eq. 1,
where the symbol | | denotes the absolute value, N is the number of transducers along the span of the airfoil and Φ p i p j is the cross-spectral density between two pressure signals p i and p j . The iso-coherence contours as a function of S t s and spanwise separation for the pressure side of the slat are presented in Figs. 15 and 16 . The coherence at various S t s are presented in Fig. 17 . Since periodic boundary condition has been employed the coherence can be calculated only for spanwise separation up to half the length of the computational span. The coherence drops rapidly with spanwise separation distance at all the presented S t s = 0.5, 1, 5. Therefore the present computational domain is sufficient enough to capture the unsteady flow separations within the slat cove. The power spectral density of the unsteady streamwise and crosswise velocity (Φ uu , Φ vv ) at various locations (see Fig. 12 ) are presented in Figs. 18, 19 and 20. The evolution of the streamwise and crosswise velocity spectra along the slat shear layer path for the Baseline is shown in Fig. 18 . The PSD is plotted against S t s and S /S max , where S /S max = 0 at the slat cusp and S /S max = 1 at the impingement location. The streamwise velocity spectra is increased at locations close to the slat cusp S /S max = 0 − 0.2 and close to the impingement location S /S max = 0 − 0.1. The evolution of the streamwise velocity spectra along the slat gap region for both the Baseline and SCF cases are presented in Fig. 19 . The spectral levels of the streamwise velocity are higher at locations closer to the trailing edge (S G1 ) compared to the main-element (S G8 ) for both the presented cases. For the Baseline case presented in Fig. 19a the spectral levels reduce by up to 30 dB at low Strouhal number at S G1 compared to S G8 . The SCF shows a decrease in the streamwise velocity spectra up to 20 dB compared to the Baseline at low Strouhal numbers (S t s > 5) at locations closer to the trailing edge (also see Figs. 21e and f) . The reduction in velocity spectra for the SCF is due to the absence of the strong shear layer emanating from the slat cusp and its impingement at the slat trailing edge. The results clearly show the high-frequency tonal peak associated with the blunt trailing edge vortex shedding at S t s = 17 for the Baseline and S t s = 20 for the SCF. The change in S t s of the tonal peak between the Baseline and SCF is due to the absence of the unsteady shear layer impinging at the slat pressure side for the SCF case. The high-frequency tonal peak dissipates at locations closer to the main-element for the SCF. For the Baseline, the tonal component is prominent close to the slat trailing edge the energy of the spectra reduces at locations closer to the main-element but the tonal component is still visible. Overall, the velocity spectra close to the slat pressure side for the Baseline is higher than that of the SCF. The results for streamwise velocity spectra at the slat wake is presented in Fig. 20 for both the Baseline and SCF cases. The results show increased streamwise velocity spectral level at the vicinity of the trailing edge (S W1 ) but at the location further away from the trailing edge the spectral levels decrease. The vortex shedding tonal peak is also seen very prominently at the vicinity of the trailing edge (S W1 ) but the intensity of the tonal peak decreases for measurement probes at further downstream locations (S W8 ). However, there is no prominent difference between the Baseline and SCF case for spectral levels at the slat wake. The results of the line plots extracted from various mid-span location from the pressure and velocity spectra evolution are presented in Fig. 21 . The results clearly show increased spectral levels for the Baseline at mid Strouhal range (S t s > 5). At the slat gap location S G7 the SCF the vortex shedding tonal peak is not seen but a broadband increase at high Strouhal number.
The relationship between the pressure and velocity is necessary to investigate the influence of the surface pressure fluctuations with the separated shear layer. In order to capture this pressure-velocity coherence at various locations were presented in Figs. 22 and 23 . The coherence between the unsteady surface pressure and velocity are calculated using Eq. 2,
where N is the number of probes used for calculating the coherence and Φ p i u j is the cross-spectral density between the pressure signal p i and velocity signal u j . The results for the pressure-velocity coherence for the slat shear layer path for the Baseline case is shown in Fig. 22 . The results in Fig. 22a and c show the coherence between a pressure measurement probe on the slat cusp (S L0 ) with the streamwise and crosswise velocity of the shear layer path (S /S max ), respectively. The results in Fig. 22b and d show the coherence between a pressure measurement probe at the flow impingement location on the slat pressure side (S L22 ) with the streamwise and crosswise velocity of the shear layer path (S /S max ), respectively. The results show that the coherence between the pressure at the slat cusp and the shear layer with both the streamwise and crosswise velocity is high only at the low Strouhal range at the path location S /S max = 0 − 0.16 of the shear layer path. Whereas, the results for the coherence between the pressure at the shear layer impingement location with streamwise velocity is much higher than that of the crosswise velocity and the coherence spectra are high for a larger path length. The results for the streamwise coherence is high for low-mid Strouhal range (S t s < 1) at path location S /S max = 0.4 − 0.76 but for the crosswise coherence the regions of high coherence is found only between path location S /S max = 0.64 − 0.8. The results here give us some insight into the broadband noise generation mechanism of the slat. The high coherence with the impingement location on the pressure side of the slat clearly shows us that the impingement of the shear layer contributes to the low-frequency broadband noise generation mechanism from the slat. The tonal peaks which are usually found in the experiments were found in the simulations only with a significantly lesser magnitude. However, the pressure-velocity coherence results have revealed the presence of the tonal peaks much more prominently, see Fig. 22b and d at S t s ≈ 0.7 − 1.
The results for the pressure-velocity coherence between the slat pressure side impingement location and the slat gap streamwise velocity are presented in Fig. 23 for both the Baseline and SCF cases. The results show high coherence for the Baseline case for the slat cavity tonal peaks and the slat trailing edge vortex shedding tonal peak (S t s < 10) at all the slat gap locations. The SCF cases show high coherence only for the trailing edge vortex shedding tonal peak. These results show us that the tonal peaks are not present for the SCF compared to the Baseline and also that the tonal noise generation mechanism is highly related to the shear layer impingement region. 
IV. Conclusion
The aerodynamic and aeroacoustic performance of a 30P30N airfoil fitted with and without slat cove fillers (SCF) were investigated using numerical techniques. The airfoil was tested for a freestream velocity of U ∞ = 58 m/s, corresponding to the chord-based Reynolds number Re c = 1.71 × 10 6 . The pressure distribution around the highlift Baseline airfoil, unsteady pressure fluctuations and the spanwise vorticity contours validates well with existing experimental data set in the literature. The suction peak over the main element and the pressure distribution around the high-lift airfoil remained unchanged for the SCF configuration compared to the Baseline case. Detailed contour and line plots of the mean velocities, turbulent kinetic energy, and spanwise vorticity around the slat region are presented. The results clearly showed that the use of the slat cove filler completely eliminated the unsteady flow behavior that existed within the slat cove region. The results at the slat wake also showed reduced turbulent kinetic energy for the SCF relative to the Baseline. This is due to the elimination of the unsteady shear layer that impinges on the slat lower surface, which increases the energy at the slat wake for the Baseline. The unsteady surface pressure and shear layer velocity measurements were made at various location around the slat cove region. The spanwise coherence showed rapid drop confirming that the computational domain and the spanwise resolution was adequate enough for the current simulation. The Power spectral density (PSD) of the pressure and velocity at various locations were also calculated and presented in a systematic manner. The PSD of the pressure on the slat pressure surface showed that reduced pressure spectra for the SCF compared to the Baseline case. The PSD of the velocity in the slat gap region also showed reduced velocity spectra for the SCF. A tonal peak at high frequency (S t s > 15) was present for both the cases, which is associated with the blunt trailing edge vortex shedding as seen and discussed in available studies in the literature. The results for pressure-velocity coherence were calculated to further understand the relation between the surface pressure and the unsteady slat shear layer. The pressure-velocity coherence results showed increased streamwise velocity spectra at low-mid frequency range closer to the slat shear layer impingement region. Overall the results have shown that the application of SCF maintains the aerodynamic performance of the high-lift airfoil while reducing the energy content of the near-field pressure fluctuations.
